Introduction
This report compares estimates of U.S. apparent consumption of lead with estimates of total U.S. consumption of this mineral commodity from a materials flow perspective. The difference, attributed to the amount of lead contained in imported and exported products, was found to be significant for this sector. The study also assesses the effects of including mineral commodities incorporated in manufactured products on the interpretation of observed trends in minerals consumption and trade.
Materials flow is a systems approach to understanding what happens to the materials we use from the time a material is extracted, through its processing and manufacturing, to its ultimate disposition. The U.S. Geological Survey (USGS) provides accurate and detailed mineral production and mineral commodity consumption statistics that are essential for government, nongovernment organizations, and the public to gain a better understanding of how and where materials are used and their effect on the environment and society.
Published statistics on mineral apparent consumption are limited to estimates of consumption of raw material forms (ore, concentrate, and [or] refined metal). For this study, apparent consumption is defined as mine production + secondary refined production + imports (concentrates and refined metal) -exports (concentrates and refined metal) + adjustments for government and industry stock changes. These estimates do not account for the amount of mineral commodities contained in manufactured products that are imported to the United States, nor do they deduct the amount of these mineral commodities contained in manufactured products that are exported from the United States.
When imports or exports of manufactured products contribute significantly to the total use of a particular raw material, an estimate of consumption that does not consider the incorporated forms of these mineral commodities within imported or exported manufactured products can be either under-or overreported (depending on the net trade flow). Factors that influence consumption and trade patterns include variations in industry structure, labor or financial markets, legislation, and technology. As U.S. trade patterns of manufactured products change, omitting mineral commodities incorporated into these goods as part of U.S. mineral commodity consumption estimates may affect the interpretation of observed trends in minerals consumption and trade.
Although it may be desirable to include minerals contained in manufactured products as part of consumption estimates, collection and estimation of these data are sometimes difficult. Consumption and trade data for every traded product may not be readily available. Compiling comprehensive consumption statistics for mineral commodities, which have many end uses, each including multiple products, may be time consuming. For these reasons, studies of all mineral commodities are not feasible. Mineral commodity selection for this study is based on data accessibility considerations and the relative importance of lead contained in imported and exported products when considered part of total U.S. lead consumption.
Lead was selected for this initial evaluation of total mineral consumption because of the need to understand the consumption pattern of this potentially toxic metal and its compounds, the relative simplicity of this sector's end-use structure, and the availability of trade data. This study draws upon the findings of an earlier lead consumption study (Biviano and others, 1999) conducted by the USGS for the period 1984 to 1993, but uses a different study methodology for an industry whose structure has changed from that considered in the earlier study. Figure 1 shows the quantity of material contributing to U.S. total consumption of lead metal from domestic and foreign industrial sectors in 2004, based upon trade data reported by the USGS and the U.S. International Trade Commission (USITC). For this study, total consumption is defined as primary and secondary refined lead production + refined metal imports for consumption + refined lead contained in imported products -refined lead exports -refined lead contained in exported products + adjustments for government and industry stock changes. The U.S. total consumption of lead metal is the sum of U.S. production from primary refineries and secondary recyclers, refined metal imports and exports, and shipments of lead scrap into and out of the United States. Included are estimates for the amount of lead contained in manufactured products that are imported and exported (of which about 85 percent are lead-acid battery products). Changes in U.S. Government stockpiles and industry stock changes are also included. For 2004, the U.S. apparent consumption of lead metal is reported as 1.44 million metric tons (Mt) ; however, when the quantity of lead contained in imported and exported manufactured products (colored boxes) is taken into account, the total U.S. consumption of lead metal is estimated to be about 1.78 Mt. Most of the difference between the two estimates, approximately 340,000 metric tons (t), can be attributed to the inclusion of lead contained in imported and exported manufactured products in the total consumption statistics. Minor variations in data comprehensiveness and estimation methodology may also affect results.
The lead-acid battery sector is the principal end use of lead in the United States, accounting for approximately 81 percent of the reported U.S. lead consumption in 2003 (Matos and others, 2005) , 83 percent in 2004 (Gabby, 2005) , and 85 percent in 2005 . Lead-acid batteries include starting-lighting-ignition batteries for vehicles (accounting for about 87 percent of lead-acid batteries by weight), stationary, uninterruptible power-supply equipment for computer and telecommunications networks and hospitals (about 8 percent), and as a source of motive power in airline ground equipment, golf carts, industrial forklifts, and mining vehicles (about 5 percent) (Battery Council International, 2005a) . The lead-acid battery, similar to the automotive battery shown in figure 2 , is an example of a manufactured product that can be tracked through the economy. These widely used batteries are highly recyclable, are an important component of total U.S. lead consumption, and are reported separately in trade statistics. The potential toxicity of lead-acid batteries makes quantifying the use of these products within the United States important. For these reasons, the lead-acid battery sector was selected as a case study for this lead consumption analysis.
The potentially toxic effects of lead on organisms have become widely recognized since the mid-1980s, resulting in 
Study Methodology
In 1999, the USGS reported the amount of lead contained in imported and exported products from 1972 through 1993 based upon an input-output methodology developed by the U.S. Department of Commerce in consultation with the USGS. This methodology used U.S. gross domestic product data, manufactured products import and export data by industrial sector, and raw material consumption data. The study covered a time period when lead-acid battery consumption increased from about 50 percent to about 84 percent of total lead consumption. Owing to the changed structure of the sector and the dated nature of the prior study data, a reevaluation of consumption was thought to be warranted; however, a simpler methodology was selected to study the lead-acid battery sector.
The earlier study estimated total annual lead-acid battery consumption using data provided for the entire U.S. economy and assigning a set of mathematical relationships between the lead-acid battery sector and the domestic economy. The current study, however, used actual U.S. consumption statistics reported for specified products as the basis of evaluation; data for each product category were aggregated to develop annual consumption values for the sector under study. A comparison of study results is given below.
The authors evaluated apparent consumption statistics reported by the USGS from its Mineral Commodity Summaries series (U.S. Bureau of Mines, 1994; Smith, 1995 Smith, -2004 Gabby, 2005-06) and lead-acid battery import and export trade data, reported either in terms of number of lead-acid batteries or kilograms of contained lead, obtained from data collected by the U.S. Bureau of the Census and reported by the USITC (U.S. International Trade Commission, 2005) based on Harmonized Tariff Schedule (HTS) codes. Import and export data were collected for new and used lead-acid batteries, vehicle imports and exports (which included lead-acid batteries), stationary lead-acid batteries, other motive power lead-acid battery types (for example, aircraft ground maintenance, general utility vehicles, golf cart, and marine), and battery parts containing lead (plates and posts).
Estimates of the average lead content included in each HTS code were developed. Because individual HTS codes may include more than one lead-acid battery type, it was necessary to review each classification to determine the appropriate distribution of battery types reported for each. For codes where only the numbers of batteries were reported, an estimate for the average amount of lead contained within each lead-acid battery type reported under that classification was developed, so that an estimate of the total amount of lead contained in that classification could be made. Lead content estimates were based on generalized data provided by the Battery Council International (Battery Council International, 2003 , 2005a and by Peter Gabby, the USGS lead commodity specialist (USGS, oral commun., 2006) . Estimates for the average amount of lead contained in generalized battery types are summarized in table 1. The amount of lead contained in lead-acid batteries varies significantly with battery type and slightly by manufacturer.
Estimates of average lead content were developed using representative lead content values for each battery classification. Table 2 summarizes the data for the amount of lead contained in U.S. lead-acid battery imports and exports for selected years within the 1989 through 2004 study period. Trade classifications included in this analysis are also reported in table 2. Estimates for 2004 suggest that the United States imported about 2.4 times more lead contained in lead-acid battery products than it exported. About 75 percent of the imported lead in batteries was contained in new lead-acid batteries, and about 22 percent comes into the United States as batteries contained in vehicles. Less than 3 percent of the lead contained in imported lead-acid batteries comes into the United States as either used batteries or battery parts. About 66 percent of the lead exported in lead-acid batteries is in the form of new batteries; 14 percent is exported in used lead-acid batteries; about 10 percent is exported in batteries contained in vehicles; and another 10 percent is exported in battery parts. The data also suggest that, for the study period, the United States is a net importer of lead contained in lead-acid batteries. In 2004, it imported about 293,000 t more lead contained in lead-acid batteries than it exported.
Analysis of Results
Figure 3 compares annual U.S. lead-acid battery apparent consumption with estimated U.S. lead-acid battery total consumption of lead. Apparent consumption data (blue line) were modified from USGS data to reflect that part of U.S. lead metal consumption attributed to the lead-acid battery sector, based on USGS end-use statistics (Matos and others, 2005) . Total consumption data (red line) were developed in this analysis to include the U.S. consumption of lead in concentrate, refined metal imports and exports, and as lead contained in imported and exported manufactured lead-acid battery products. Figure 3 does not include lead from other end-use sectors (or about 15 percent of total lead consumption).
Because the United States imported more lead contained in lead-acid batteries than it exported in lead-acid batteries for the period 1989 through 2004, the difference between these two data sets reflects the net amount of imported lead contained in lead-acid batteries, which is also shown in figure 3 (green line). The estimated value of U.S. total lead consumption for the lead-acid battery sector was found to be larger than the estimated value of apparent consumption for each year of the 16-year study. The difference between these two values varied from a minimum of approximately 74,000 t in 1997, when U.S. total lead-acid battery consumption was about 1,600,000 1,800,000 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 LEAD CONTAINED IN LEAD-ACID BATTERIES, IN METRIC TONS U.S. total lead consumption from the lead-acid battery sector, this study U.S. total lead consumption from the lead-acid battery sector, Biviano and others, 1999 U.S. apparent lead consumption from the lead-acid battery sector, this study U.S. lead apparent consumption from the lead-acid battery sector, Biviano and others, 1999 Net imported lead from lead-acid battery sector, this study (Lead embedded in imported lead-acid batteries -lead embedded in exported lead-acid batteries)
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Comparison of lead apparent consumption data with total consumption data for the lead-acid battery sector for the years 1989 through 2004. [Lead apparent consumption is defined as mine production + secondary refined + imports (concentrates and refined) -exports (concentrates and refined) + adjustments for government and industry stock changes. Total consumption is defined as primary and secondary refined lead production + refined lead metal imports for consumption + lead contained in imported lead-acid battery products -refined lead exports -lead contained in exported lead-acid battery products + adjustments for government and industry stock changes. Data from this study are also compared to data from a 1999 U.S. Geological Survey (USGS) study, Biviano and others, 1999].
4 percent higher than U.S. apparent consumption for the sector, to a maximum of approximately 293,000 t in 2004, when U.S. total lead-acid battery consumption was about 24 percent higher than U.S. apparent consumption for the sector. Overlapping data from the 1999 lead consumption study (Biviano and others, 1999) are also presented in figure 3 . On average for the 5-year period where the studies overlapped (1989 to 1993), the earlier study showed that including the amount of lead contained in lead-acid battery products increased the total U.S. lead consumption about 16 percent, while the present study suggests an increase of about 18 percent. The average difference between the two studies, less than 5 percent, is believed to be the result of source data and study methodology differences.
Considering lead contained in manufactured products provides more comprehensive data for analyzing the use, disposal, and recycling of lead in the United States and for better understanding the factors that affect consumption. Including the lead contained in imported products as part of the analysis of lead consumption makes it easier to understand how U.S. secondary lead production has grown since regulations were implemented to require the recycling of products containing lead. In 2004, the United States recovered approximately 1.1 Mt of lead scrap metal from lead product recycling ( fig. 1) , about twice the amount that was recovered by recycling in 1985. It would be difficult to tell where the bulk of this recycled material originated without considering the amount of lead contained in imported manufactured products.
Ignoring residence time, figure 1 suggests that the combination of 2004 U.S. primary production and refined lead imports could only supply about one-third (350,000 t) of the feed material necessary to account for the annual production level reported for the U.S. secondary (recycling) lead production sector in 2004 (1.1 Mt).
Consumption studies of this type can also provide data in sufficient detail to evaluate the effects of such things as industry structural changes, domestic and foreign legislation, and changing trade patterns of the sector under review. For example, figure 4 compares the quantity of new lead-acid batteries imported into the United States from all countries with the quantity imported from Mexico. Data suggest that a large part of the increase in the number of new lead-acid batteries (and the amount of lead coming into the United States) since 1997 is the result of a corresponding increase in U.S. lead-acid battery imports from Mexico. Legislation such as the North American Free Trade Agreement (NAFTA), which became effective January 1, 1994 , between Canada, Mexico, and the United States, as well as bilateral trade agreements initiated between 1994 and 1996, removed many product trade restrictions applied to such products as lead-acid batteries between these three neighboring countries (U.S. Environmental Protection Agency, 1998). In a report to Congress in 1999, the increase in lead-acid battery trade with Mexico after the implementation of NAFTA was specifically noted (U.S. International Trade Administration, 1999). 
Summary
Including statistical data on mineral commodities contained in manufactured products provides a more complete perspective of mineral use, disposal, and recycling in the United States. Inclusion of net trade data on lead-containing products added about 340,000 t to the reported 2004 U.S. lead apparent consumption value from all sectors, an increase of about 24 percent. For the lead-acid battery sector, inclusion of lead contained in imported and exported batteries, vehicles containing batteries, and battery products increased 2004 U.S. lead consumption by approximately 293,000 t. Considering lead contained in manufactured products as part of total lead consumption allows for a more complete understanding of the use, disposal, and recycling of lead in the United States. Observing trends related to trade of these products allows for more detailed analysis of the effects of domestic and foreign legislation, economic activity, and evaluation of sector trade.
The data suggest that approximately 293,000 t of lead contained in net imports of lead-acid battery products were consumed in the United States in 2004. Assuming lead-acid batteries account for 85 percent of total U.S. lead consumption, an additional 340,000 t of lead contained in net imports from all sectors can be added to the U.S. lead consumption. This quantity is over twice the U.S. refined lead production for 2004 from the primary lead industry and almost three times the net amount of refined lead metal imported for consumption in 2004.
